A novel picolinate-iron(III) compound, Fe(C 6 H 4 NO 2 ) 2 (OH) (1), was synthesized from an aqueous solution of a picolinate-iron(II) complex. Compound 1 was obtained by a thermal treatment of the picolinate-iron complex aqueous solution, whose pH was adjusted to 37, containing more than twice molar picolinic acid (Hpa) to Fe at 353 K for 72 h. When the iron aqueous solution in the presence of more than six times molar Hpa to Fe at pH 25 was heated, Fe(C 6 H 4 NO 2 ) 3 ·H 2 O (2) appeared. Millimeter-sized yellow-green single crystals of 2 could be obtained by the heat treatment of the picolinate-iron aqueous solution, whose pH was adjusted to 3, with Fe 2+ :Hpa = 1:10 at 373 K for 72 h. Formation mechanism of 1 and 2 was also discussed through investigations of relationship between synthesis conditions and products. Our approach opens a promising new route for preparation of precursors for synthesis of high functional ceramics and development of new organicinorganic hybrids.
Introduction
Iron is the second most abundant metal on earth and its compounds are used in various fields. For instance, Fe 3 O 4 particles are used as MRI contrast agents, 1) catalysts, 2) and pigments, 3) and LaOFeAs based materials are promising candidates for superconductor. 4) The facts indicate that iron compounds are one of the most attractive functional materials. Therefore, exploration of novel iron compounds and development of new methods for synthesis of them are rather interesting.
To date, there are many reports on synthesis and characterization of heterocyclic compound-conjugated Cr, 5) Mn, 6) Co, 7) Ni, 8) Cu, 9) Zn, 10) Cd, 11) Mg 12) compounds. For iron, picolinateiron compounds [pyH] [Fe(pa) 2 Cl] and [Fe 2 (® 2 -OMe) 2 (pa) 4 ] (Hpa = picolinic acid), 13) 2 ]py (Hpca = 2-pyrazine carboxylic acid), 14) 2,6-pyridine dicarboxylate compounds-iron (Hinia){Fe(dipic) 2 and (Hpia)[Fe(dipic) 2 ]· 3H 2 O}·3H 2 O (H 2 dipic = pyridine-2,6-dicarboxylic acid, pia = pyridine-2-carboxamide, inia = pyridine-4-carboxamide) 6) were reported. It was also revealed that some of such compounds could be used as catalysts for oxidation of organic compounds. 15) , 16) On the other hand, metal organic frameworks (MOFs), which can be used as an adsorbent and catalyst, are sometimes obtained using heterocyclic compounds. 17)20) In general, these compounds are synthesized in organic solvents such as acetonitrile, pyridine and dimethylformamide, and the solvents become a part of the final products. In other words, the structures are decided by solvents used. Therefore, only change of solvents would lead to development of novel compounds. Water is one of the most useful solvents from the point of view of handling and environmental harmony. However, water is not often used as a solvent for synthesis of heterocyclic compound-conjugated metal compounds. It suggested that development of novel iron compounds conjugated by heterocyclic compounds might be achieved by aqueous solution process.
So far, we succeeded in synthesis of high functional ceramics using complexes as a precursors. 21) 23) It was also clarified that application of the complexes led to formation of ceramics with controlled nano and micro structures. 24) , 25) In addition, complexes and MOFs can be used as self-template for synthesis of oxides with unique structures. 26)29) Therefore, development of new compounds is an approach for synthesis of high functional ceramics.
In this study, to demonstrate the usability of water as a solvent for development of novel precursors and inorganicorganic hybrid such as MOFs, we report synthesis of a novel picolinateiron(III) compound, Fe(C 6 H 4 NO 2 ) 2 (OH), from a picolinateiron(II) complex using water as the solvent, and formation mechanism is also discussed. , is denoted as X) with stirring to obtain a red homogeneous transparent solution, indicating formation of an picolinate-iron(II) complex. Then, the pH of the solution was adjusted to 213 by addition of 4 M NaOH (aq.) prepared using distilled water and NaOH (>97.0%, Wako Pure Chemical). A red suspension at pH 7 and brown suspensions at pH 913 were obtained, while the solutions at pH 25 maintained transparency and colour. It is well known that Fe 2+ is easily oxidized to Fe 3+ by dissolved oxygen in a solution above pH 3. Hence, ¡-FeOOH, £-Fe 2 O 3 , and/or amorphous substances might be formed at pH > 5. The volume was set to 30 ml using distilled water and stirred vigorously. Then, the solution was sealed in a Teflon vessel and a stainless steel autoclave. The autoclave was heated at 353 K for 72 h, followed by cooling to room temperature. Precipitates were separated by centrifugation and sequentially rinsed three times with distilled water. After drying at 353 K, the final product was obtained.
Experimental procedures

Synthesis
Characterization
The crystalline phase of the samples were characterized using powder X-ray diffraction (XRD; BrukerAXS D2 Phaser, 30 kV and 10 mA) with Cu K¡ radiation ( = 1.5406 ¡). Data were collected in the 2ªª scanning mode with a scan speed of 12°m in ¹1 and a step size of 0.02°. Thermogravimetric-differential thermal analysis (TGDTA) was conducted using a DTG-60H (Shimadzu). The sample was heated at a rate of 20 K min ¹1 under 50 ml min ¹1 air flow up to a maximum 1273 K with Al 2 O 3 powder as a reference. Fourier-transform infrared (FT-IR) spectra were recorded with a spectrometer (Jasco FT/IR-4200) in the range of 4004000 cm
¹1
. For FT-IR measurement, samples were diluted in KBr matrix pellets. CHN elemental analysis was conducted by a micro corder (J-science group JM10). A 57 Fe Mössbauer spectrum was measured with conventional transmission geometry at room temperature. 57 Co in Rh matrix (³900 MBq) was used as a £-ray source. The Doppler velocity of the source was calibrated by the standard spectrum of an ¡-Fe foil. Single crystal XRD structure analysis was made on a Rigaku R-AXIS RAPID diffractometer using filtered Mo K¡ radiation at 90 K.
3. Results and discussion 3.1 Formation of picolinate-iron compounds Figure 1 shows XRD patterns of samples synthesized by the heat treatment of iron aqueous solutions in the presence of various amounts of picolinic acid, whose pH were adjusted to 3. At X = 0, a single phase ¡-FeOOH (goethite) was obtained [ Fig. 1(a) ]. In the sample with X = 1, ¡-FeOOH was observed as a secondary phase, however, other peaks couldn't be assigned to any known phases [ Fig. 1(b) ]. The same unknown peaks, whose corresponding compound was denoted here as 1, were confirmed in the XRD patterns for X = 2 and 3 without those of ¡-FeOOH [ Figs. 1(c) and 1(d) 30) was observed although 1 was predominantly formed at X = 5 [ Fig. 1(e) ]. In the presence of a large amount of picolinic acid (X ² 6), 2 was obtained without other phases [Figs. 1(f )1(h) Fig. 2(e) ] and ¡-Fe 2 O 3 (hematite), £-Fe 2 O 3 (maghemite) and a trace amount of ¡-FeOOH were appeared in the sample synthesized at pH 11 [ Fig. 2(f ) ]. As mentioned in the experimental section, ¡-FeOOH, whose colour is orange, is easily formed at high pH in the starting solution. Therefore, the ¡-FeOOH was remained on the surface of crystals of 1 at pH 7 and the sample looked orange. Further discussion about the formation mechanism is described in later paragraph. Fig. 3(f ) ].
In the present procedure, Hpa coordinates ferrous ion (Fe
2+
) to form a picolinate-iron(II) complex at first. Formation of the paFe 2+ complex could be judged from change in the colour of the solution, from colourless to red. Then, ferrous ions are oxidized to ferric ions (Fe 3+ ) by dissolved oxygen in the solution via heat treatment and generated picolinate-Fe 3+ complex. The oxidation by dissolved oxygen was proven by a control experiment using an O 2 free picolinate-Fe 2+ solution, which was prepared by bubbling of N 2 gas. No precipitates formed in the O 2 free solution after the heat treatment. Finally, OH ¹ or picolinate is conjugated to the complex depending on the concentrations of each anion (Fig. S1 ). At pH > 7, the starting solutions turned from red transparent to brown suspension resulting from decomposition of the picolinate-iron(II) into ¡-FeOOH. Therefore, known iron compounds such as ¡-FeOOH, ¡-Fe 2 O 3 , or £-Fe 2 O 3 were generated at high pH condition. Figure 4 shows FT-IR spectra of Hpa and compounds 1 and 2 synthesized by the heat treatment of picolinate-iron complex solutions with X = 2 and 10 at pH 3, respectively. Four kinds of peaks assigned to FeO stretching bond (450 cm ¹1 ), 31) ,32) out of plane deformation of pyridyl group (850650 cm ¹1 ), 33) and stretching and deformation vibrations of carboxylic group (1670, 1340 cm ¹1 ) 33) were observed at spectra for 1 and 2. Shift of peaks for pyridyl group and stretching and deformation vibration of carboxylic group to those for picolinic acid were confirmed. These spectra changes for 2 to that for picolinic acid are responsible for formation of bonding between Fe and picolinates. These results indicated that picolinate coordinated to Fe in 1. Figure 5 shows TGDTA curves for 1 and 2. Two step weight loss was observed owing to decomposition and combustion of picolinates between 573 and 723 K for compound 1. 2 also showed the similar profile to 1 except for 4.1% endothermic weight loss at 350450 K owing to hydrated water. The total weight loss related to organic compound was 74.8 and 78.3% for 1 and 2, respectively. After the measurements, samples were converted to ¡-Fe 2 O 3 indicating that both 1 and 2 contained iron. To determine iron valence in the each sample, colorimetric analysis based on 1,10-phenanthroline-iron(II) complex 34) was performed for sulfuric acid solutions of 1. Compound 1 did not show characteristic absorption of the 1,10-phenanthroline-iron(II) complex. Figure 6 shows a 57 Fe Mössbauer spectrum for compound 1. The spectrum was fitted with three doublets with Lorentzian function curves, suggesting three different local structures of Fe ion at least. Isomer shifts for each doublet were calculated to be 0.20, 0.36 and 0.48 mm s
Characterization of 1 and 2
¹1
. The values implied that iron valence in 1 was three (Fe   3+   ) . 35) According to these results, it was confirmed that 1 consisted of ferric ion (Fe 3+ 2 is far from that of 1. Therefore, 1 is not the binuclear complex but the new one.
Crystals of 2 were significantly grown at 373 K in a solution with X = 10 and pH 3. It results in millimeter-sized yellow-green crystals after the 72 h treatment as shown in Fig. S2 . Singlecrystal X-ray diffraction analysis was conducted for a crystal with a dimension of 0.4 © 0.2 © 0.2 mm 3 . The structure of the single crystal obtained was determined to be in a monoclinic system (C2/c) with a composition of Fe(C 6 H 4 NO 2 ) 3 
Conclusions
Two picolinate-iron(III) compounds including a new compound 1 were synthesized through an aqueous solution process using an picolinate-iron(II) complex. The formula of compounds 1 was speculated as Fe(C 6 H 4 NO 2 ) 2 (OH). Millimeter-sized single crystals of Fe(C 6 H 4 NO 2 ) 3 ·H 2 O were easily obtained and the single crystal structure analysis was successfully achieved. It seemed that concentration of picolinic acid or OH ¹ was important for synthesis of these compounds. The present results indicate that an aqueous solution process containing iron complex is valid for synthesis of novel iron compounds, which are candidates for precursors in synthesis of high functional ceramics and inorganic organic hybrids. 
